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SUMMARY
y

E
Theeffectsof iceformationsonthesectionlift,drag,and

pitching-momentcoefficientsofanunsweptKACA65AO04airfoilsection
of6-footchordwerestudied.Thema~itudeoftheaerodynamicpenalties
wasprimarilya functionoftheshapeandsizeoftheiceformationnear
theleadingedgeoftheairfoil.Theexactsizeandshapeoftheice
formationsweredeterminedphotographicallyandfoundtobe complex
functionsoftheoperatingandicingconditions.

Ingeneral,icingoftheairfoil.at anglesofattacklessthan4°
causedlargeincreasesinsectiondragcoefficients(asmuchas 350
percentin8 minutesofheavyglazeicing),reductionsinsectionlift
coefficients(upto13percent),andchangesinthepitching-moment
coefficientfromdivingtowardclimbingmoments.

At anglesofattackgreaterthan4° theaerodynamiccharacteristics
dependedmainlyontheicetype. Thesectiondragcoefficientsgenerally

% werereducedby theadditionofrimeice(byasmuchas 45percentin
8 minutesof icing).Inglazeicing,however,the&rag increasedat
theseanglesofattack.Thesectionliftcoefficientswerevariably

v affectedby rime-iceformations;however,inglazeicing,liftincreases
athighanglesof att!Wkamountedtoas muchas 9 percentforan icing
timeof8 minutes.Pitching-moment-coefficientchangesin icingcondi-
tionsweresomewhaterraticanddependedontheicingcondition.

Rotationoftheicedairfoiltoanglesofattackotherthanthat
atwhichicingoccurredcausedsufficientlylargechangesinthepitching-
momentcoefficientthat,inflight,rapidcorrectionsintrimmightbe
requiredinordertoavoida hazardoussituation.

INTRODUCTION

Inevaluatingthemissioncapability
isnecessaryto determineitsperformance

>

.

ofanall-weatheraircraftit
inicingconditions.Information
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concerningtheaerodynamicpenaltiesassociatedwithicingofairframe .

componentsisthereforerequired.Researchhasbeenconductedbythe
NACAto determinethedragpenaltiesassociatedwithicingof several a
airfoilsofthicknessratiosfrom9 to12percent(refs.1 to 3).
However,theonlyavailabledataonliftandpitching-momentpenalties
dueto icingofanairfoilareforanNACA0011airfoilsection(ref.3).
Thesepublishedaerodynamicdatasreusefulforestimatingtheperformance
penaltiesinicingconditionsforlargetr~sportandbomberaircraft,
butarenotreadilyapplicabletohigh-speedhigh-altitudeinterceptor
aircraftbecausesuchaircraftgenerallyut-~lizea verythinairfoil ~
(thicknessratioaftheorderof4 percent}.Theseinterceptoraircrsft co
cruiseataltitudesatwhichlittle,ifany,icingoccurs.Theicing
problemoftheseaircraftisconfinedprimarilyto climbanddescent,=
whicharegenerallyofshortdurationbecauseofthehighratesofclimb
anddescent.Theaircraftmayoccasionallyberequiredtoloiterduring
letdownataltitudeswhereicingcanoccur;however,becausetheover-all
icinghazardismuchreducedfortheseaircraftcomparedto conventional
transportaircraft,theeliminationofairframeicingprotectionequip-
mentappearsattractive.It isthereforenecessaryto determinethe
aerodynamicpenaltiescausedby icingofthinairfoilsectionsinorder
toassesstheneedforicingprotectionequipmentonliftingandcontrol
surfacesofhigh-speedinterceptoraircraft..

Inordertoprovidesuchdataforuseininterceptor-aircraftmis-
sionanalyses,studiesweremadeintheNACALewisicingtunnelofthe
aerodynamicpenaltiesassociatedwithicingofanunsweptNACA65AO04
airfoilsectionof6-footchord.Thesestudiesincludedtheeffectof
icingontheairfoil-sectionlift,drag,andpitching-momentcoefficients.
Inaddition,photographsofthecrosssect”fonsoftheiceformations
causingthechangesintheaerodynamiccharacteristicsoftheairfoil

r

wereobtained.

SYM60LS

Thefollowingsymbolsareusedherein:

corrected

corrected

corrected

corrected
POint

angleofattack,deg

sectiondragcoefficient

section.liftcoefficient

sectionpitching-momentcoefficientabout

localstaticpressureonairfoilsurface,lb/sqft

quarter-chord

.

.
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m

Po free-streamstaticprsssure,lb/sqft

w

%
dynamic

mco Subscript:
s

o initial

Superscript:

t measured

pressure,lb/sqft

raluebeforeicing

aerodynamicvalues(uncorrected)

APPARATUS

3

t)
ThemodelconsistedofanNACA65AO04airfoilsectionof6-foot

chord.(Coordinatesforthissectionaregiveninref.4). Themodel
wasmountedverticallytospanthe6-footheightoftheLewisicing
tunnel(fig.1). Theairfoilwasequippedwitha 42-inch-spanremovable
leading-edgesectionthatprovidedforinstallationofa varietyof
icingprotectionsystems.Forthisstudy,however,theremovablesection
wasconstructedofwoodandcoveredwitha sheetofO.010-inch-thick
neoprenetopreventabrasionofthesurface.Theleading-edgesection
extendedto 27percentofthechord.Theremainderoftheairfoilsec-
tionwasconstructedofstainlesssteelandwasinternallysteamheated
topreventtheaccumulationoffrostdueto tunnel-airsupersaturation
andturbulence.

\
Theairfoilwascantileveredfromthetunnelbalanceframeby a

mountingplateattachedtothebottomoftheairfoil.Thebalanceframe
5 wasconnectedtoa six-componentforce-balancesystem.Smallairgaps

wereleftbetweenthemountingplateandthetunnelfloor(approx.l/4
in.)andbetweentheairfoilandthetunnelceiling(approx.1/16in.)
to isolatethemodelfromallbutaerodynamicloads.Threeforceson
theairfoil(lift,drag,andpitchingmoment)wererecordedsimultaneously
ontapeby en electricallycontrolledprintingmechanismat eachbalance
scale.

Thesectiondragofthemodelwasalsomeasurednearthemidspan
withtwoside-by-sidewakerakes,onemountedfromthefloorandone
fromthecefling(fig.1). Theserakeswerelocatedabout3% inches
behindthetrailingedgeoftheairfoil.Eachrakeconsistedof80
electricallyheatedtotal-pressuretubesandfivestatic-pressuretubes.
Thetotal-pressuretubeswerespacedonl/4-inchcenters.Thestatlc-
pressuretubeswereevenlydistributedon5-inchcentersalongthe

.v spanoftherakeseitherslightlyaboveorbelowthetotal-pressuretubes.

.
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Thesupportstrutsfortherakeswereairheatedforicingprevention.
Airfoilpressuredistributionwasmeasuredat themidspanby meansof
plasticpressurebelts.Allpressuredatawerephotographicallyre-
cordedfrommultiple-tubemanometers.Fordragdeterminationfromthe
wakerakes,themanometer-boardtubesweremanifoldedtoprovidean
integrating-typemanometer.

Inorderto obtainphotographsofcrosssectionsoftheiceforma-
tions,theiceontheairfoilaftersn icingrunw& removedby a
steam-heatedicescraperexceptfora narrowbandina chordwiseplane
normalto thesurface.Thecamerawaspositionedneartheairfoil
leadingedgeanddirectedspanwise,nearlyparalleltotheleadingedge.
A blackl/4-inch-meshwiregridwasplacedagainsttheicetoprovide
a scaleofmeasurement,anda whitewireofthegridwasalinedtobe
an extensionoftheairfoilchordline.Furtherdetailsofthistechnique
aredescribedinreference5.

Liquid-watercontentwasmeasuredlymeansofa pressure-type
icing-ratemeter(ref.6). Icing-cloud-dropletsizeasa functionof
spray-nozzlepressuresettingswasdeterminedfroma previouscalibra-
tionof dropletsizeobtainedwithwaterdropletscarryingdyeinsolu-
tion(ref.7).

Followingtheconclusionofthelift,drag,andpitching-moment
studies,thetrailing-edgeregionoftheairfoilsectionwasremovedat
the82-percent-chordstationandmodifiedto incorporatea simplehinged
flap. Thisflapwasalsosteamheated.Theflapwasremotelycontrolled
andad@stsbleforflapanglesof&15°relativetotheairfoilchordline.
A strain-gagemechanismwasinstalledtomeasuretheflaphingemoment
requiredtoholdtheflapat a specifiedangle.Thehingemomentwas

#

.

ii

recordedby a potentiometer.

CONDITIONSAND

Thenominalvaluesfortherange
are:

Airspeed,knots. . . . . . . . . . .
Reynoldsnumiber. . . . . . . . . . .
Geometricangleofattack,deg . . .
Totalairtemperature,OF . . . . . .
Watercontent,g/cum . . . . . . . .

u

PROCEDURES

of icingconditionsstudiedherein

. . . . . . . . . . . 109to240

. . . . . . . -7X106to M.5X106

. . . . . . . . . . . . .Otou

. . . . . . . . . .0, 10,and25

. . . . . . . . . . .0.45to2.0
Dropletdiameter”(volumemedian),microns. . . . . . . . . . 11to19
Flapangle,deg. . . . . . . . . . . . . . . . . . . . . ● -15t0+15

Thespecificcombinationsofwatercontent,dropletsize,andairspeed
usedintheicingtestsarelistedintableI. In general,theairfoil

=b

.
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wasallowedtocollecticeforperiodsof3 to17minutesanddatawere
recordedatabout1/2-to2-minuteintervals..Photographsweretakenat

u theendofan icingperiodtorecordtheshapeandsizeoftheice
formation.

Inaddition,iceformationswereallowedtobuildup ontheairfoil
ata specifiedangleofattackfora particularicingtime;theangle
wasthenchangedseveraltimeswiththespraysturnedoffandaerodynamic
datawererecordedforthevariouspositions.Thisprocedurepermitted
an evaluationoftheaerodynamicchangesthatmightoccurfor(1)an
aircraftlettingdownthroughan icing‘conditionandthenflaringoutfor
a landingapproach,or (2)an aircrtitclimbingthroughan icingcondi-
tionandthencruisingataltitudewhileretainingtheiceformationac-
cretedduringclimb.

Intheevaluationoftheeffectofleading-edgeiceformationson
hingemoments,thefollowingprocedurewasused: Theairfoilwaspermit-
tedto icefora specifiedicingperiod;theflapwasthenmovedoverits
rangeof+15°andthemomentswererecorded;thesedatawerethencompared
withsimilarmeasurementsobtainedinclearairwitha cleanleadingedge.

Themostconvenientmethodofobtainingthedesiredaerodynamic”data
forthestudiespresentedhereinwasby meansofthebalancesystem.
However,a previousstudy(ref.3)hadshownthatforcertainoperating
conditionsairfoilendeffectscausedby theairgapsbetweenthemodel
andthetunnelcouldresultinappreciableerrorsinthedetermination
oftheairfoilaerodynamiccharacteristics.Consequently,thesection
liftandpitching-momentcoefficientsinclearairobtainedfromthe

b balancesystemwerecheckedagainstvaluesobtainedfroman integration
ofthesurfacepressuredistributionovertheairfoil.Bothnormaland
chordwisecomponentsofthepressuredistributionwereconsideredin

b thesecomputations.Thesectiondragcoefficientinclearairobtained
fromthebalancesystemwascheckedwithvaluesobtainedfroma momentum
surveyinthewakeoftheairfoilandalsowithvaluesfroman integra-
tionofthesurface-pressuredistribution.

A comparisonoftheliftandpitching-momentcoefficientsinclear
aircalculatedfromsurface-pressuredistributionswiththosemeasured
withthebalancesystemisshowninfigure2 forvariousgeometricangles
ofattackal. Theagreementbetweenthetwomethodsindicatesthatthe
airfoilendeffectswerenotsignificantwithrespecttoliftandpitching
moment.Therefore,theliftandpitching-momentvaluesobtainedwith
thebalancesystemin icingconditionsarebelievedtobe valid.

A comparisonof sectiondragcoefficientsinclearairobtainedby
threemethodsisshowninfigure3 forgeometricanglesofattackfrom

. 0° tolz”. Foranglesofattackgreaterthanabout4°,generallygood
agreementisnotedforthesectiondragcalculatedfromthepressure
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distributionandthebalancesystem.However,atthehigheranglesof
attackthedragcalculatedfromthewakesurveybecomesprogressively
greaterthanthatobtainedbyeitheroftheothertwomethods.Theequa-
tionsdevelopedformomentumlossesinthewake(refs.8 and9) apparently
donotapplyat thehigheranglesofattack,probablybecausetheairflow
separatesfromtheuppersurfaceoftheairfoil,as isdiscussedlaterin
thisreport.ForanglesofattackfromOoto40,thesectiondragcalcu-
latedfromthewakesurveyislessthanthatobtainedfromthebalance
system,butfrom0° to2° isgreaterthanthatobtainedfroman integra-
tionof surface-pressuredistribution.Thehighdragvaluesmeasuredwi.th
thebalancesystemareattributedinpartto theairfoilendeffects
(ref.3). Thesectiondragvaluesobtainedfroman integrationofthe
surface-pressuredistributionsareconsideredlowbecauseofproblems
inherentinthecomputationsandbecauseskinfrictionisnotincludedin
thepressuredragcalculations.Accordingly,intheangle-of-attackrange
from0° to4°,thewake-surveyvaluesareconsideredtobe themostvalid.

Increasesinsectiondragcoefficientsdueto iceformationsonthe
airfoilweresubstantiallythesamewhetherbag wasmeasuredwiththe
balancesystemorby thewake-surveymethod(seealsoref.3). Itwas
decided,therefore,thatallinitialvaluesoflift,drag,andpitching-
momentcoefficientsfortheairfoilinclearairaswellas changesin
thesecoefficientsdueto icingwouldbebasedonmeasurementsfromthe
balancesystem,exceptfortheinitialdragvaluesat geometricangles
ofattackof4°andlower.Theselattervalueswouldbe obtainedfrom
wake-surveymeasurements.

Allinitialvaluesofsectionlift,drag,andpitching-momentcoef-
ficientsforthecleanairfoilarecorrectedfortunnel-wallinterference
effectsby useofequationsgiveninreference10. In general,compared
withthemeasuredvaluesforthecleanairfoil,thecorrectedliftwas
approximately16percentless,thecorrecteddragabout8 percentlessy
thecorrectedpitchingmomentup to 18percentmorenegativeathigh
anglesofattack,andthecorrectedangleofattacka maximumofabout
12percentgreater.

Analysisoftheeffectoftunnel-wallinterferenceonchsngesin
theairfoilaerodynamiccharacteristicscausedby iceformationsshowed
negligiblecorrections.To obtainabsolutevaluesoftherespective
coefficientsfortheicedairfoil,thecorrectedinitialcoefficientsare
addedtotheuncorrectedchangesincoefficientscausedby icing.

Exceptasnoted,thedatashownareintermsof changesintheaero-
dynamiccharacteristicsoftheairfoilwithdurationinicing.Inthe
calculationsofallaerodynamiccoefficientstheincreaseinplanformarea
causedby theiceformations(lessthan3 percent)wasneglected.

4

“
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RESULTSANDDISCUSSION

CharacteristicsofAirfoil

7

inClearAir

Aerodynamiccoefficients.- Theairfoil-sectionlift,drag,ana
pitchfng-momentcoefficientscomectedfortunnel-welleffectsareshown
asa functionofangleofattackinclearairinfigure4. Theslopeof
theliftcurveislinearup toanangleofattackofabout4°. Nearthis

m anglea slightdiscontinuityintheliftcurveisapparent,followingwhich
3 theslopeoftheliftcurveisslightlyreduceiifromthatmeasuredat the
+ lowerangles.Themaximumliftcoeffi~ient,0.93,occurrednearan single

ofattackof11.5°.Beyondmaximumlifttherewasnotanysuddenlossin
lift. Theliftcharacteristicsoftheairfoilatanglesofattackgreater
than4° areeffectedby flowseparationoccurringneartheleadingedgeon
theuppersurfaceoftheairfoil,as discussedintheappendix.Thesec-
tiondragcoefficientincreasedslowlyfromabout0.006at zeroangleof
attacktoabout0.008at 3°. Foranglesofattackgreaterthan3°the
sectiondragcoefficientincreasedrapidlyandreacheda valueofabout
0.22at anangleofattackof12.5°(seeappendix).Thesectionpitching-
mcmentcoefficientchangedfromzerotoabout-0.008astheangleof
attackwasincreasedfromzeroto 3°. Thepitching-momentcoefficient
thenwasnearlyconstantata valueofabout-0.008foranglesofattack
from3°to 7°. At anglesofattackgreaterthan70 thepitchingmoments
progressivelybecamemorenegative(toa valueof-0.17at an angleof
attackof12.50),thusconstitutinglargerdivingmoments(stableflight
condition).

Pressuredistribution.- Thedistributionofthepressurecoefficient
u Pz - Po

%
overtheairfoilsurfaceistabulatedintable11as a function

w ofdimensionlesssurfacedistancefromthezero-chordpointforvarious
geometricanglesofattackupto 11O. Typicalplotsforseveralofthese
pressuredistributionsareshowninfigure5. Thedatashowninfigure5
indicatethepresenceofflowseparationneartheleadingedgeonthe
uppersurfaceof theairfoilforgeometricanglesofattackgreaterthan
about4°,as discussedintheappendix.Thisflowseparationisas-
sociatedwiththelargedragcoefficientsforthesemgles ofattack
(fig.4).

Theexistenceofthisflowseparationonthecleanairfoilisof
specialinterestinevaluatingtheaerodynamiccharacteristicsofan iced
airfoil.As discussedintheappenaix,flowseparationcanbe influenced
by thesize,shsme,andlocationof iceonan airfoil.Thiseffectof ice
o;flowsep&ati&-helpsto
dynamiccharacteristicsdue
sections.-u

.

explainsomeof
to icethatare

thechangesinairfoilaero-
presentedinthefollowing



8 NACATN41.!55

Ice-FormationCharacteristics
,

Typicalphotographsof iceformationsobservedontheleading-edge Q
regionoftheairfoilareshowninfigures6 to8. Theseiceformations
fitintothegeneralcategoriesofglaze,intermediate,andrl.meice.
Theglaze-iceformations(fig.6(a))arecharacterizedbybluffnearly
transparenticecapsthatprotrudefromthesurfacenormalto thelocal
airstream.

The
angles.
extended
upperto
positive
iceedge

glazeiceisfurthercharacterizedby themorepositiveice ~
Theiceangleisdefinedinreference5 astheanglebetweenthe u
chordlineandtheiceedgefirstreachedingo5ngfromthe
thelowersurfaceoftheairfoil.Theiceangleisconsidered
iftheiceedgeisabovethechordlineandnegativeifthe
isbelowtheextendedchordline.Glaze-iceformationsgenerally

areproducedby operatingandicingconditionswhichresultinreiatively-
highimpingementratesandlowheat-transferratesontheairfoilsurface,
whichtherebypermittheimpingingdropletsto runorflowalongthe
surfacebeforetheyfreeze.Rimeicingischaracterizedby a morestream-
linedopaqueiceformationthatprotrudesforwardintotheairstream
(fig.6(b)). Thistypeof iceformationischaracterizedby a small
positiveora negativeiceangle(usuallynegativeathigheranglesof
attack).Rime-iceformationsaregenerallyproducedbyoperatingand
icingconditionswhichresultinlowimpingementandhighheat-transfer
rates,whichcausethedropletstofreezeat ornearthepointof impact.
Iceformationsthathavesomecharacteristicsofbothrimeandglaze
icingarehereinarbitrarilycategorizedasintermediateice(fig.8(b)).

Thechangeinshapeoftypicalglaze-andrime-iceformationswith
icingtimeforanangleofattackof2.2°Isshowninfigure6. (All “
anglesofattackmentionedhereinafterarecorrectedfortunnel-wall
effects.)Fortheglaze-iceformation(fig.6(a))theprimaryiceac- Q
cumulationoccursveryneartheleadingedgeoftheairfoil.Aftofthe
primaryicecapa smallerbrokeniceformationisobservedonthelower
surfaceoftheairfoil.Theicecapneartheleadingedgeoftheairfoil
becomeslargerwithicingtimeandafter14minutesin icinghasassumed
a pronounceddouble-peakformationwitha positiveiceangleofabout43°.

Thetotalprojectedfrontalheightofthisiceformationisabout~

inches,oralmostthesameasthemaximumairfoilthickness.Therime-
iceformationsinfigure6(b)showthatthegeneralshapeoftheicecap
doesnotchangemateriallywithicingtime.Theiceformationgrows
forwardparalleltothelocalairstreamandhasa projectedfrontalheight

1ofabout1~ inchesafteran icingtimeof10minutes.

Typicalglaze-iceformationsforanglesofattackof0°to 6.6°are
showninfigure7(a).

*
Thesephotographsshowthatfora glaze-iceforma-

tionat zeroangleofattacka symmetricaldouble-peakiceformationis *—
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formedneartheleadingedgeoftheairfoilandlittleorno iceisformed
ontheairfoilaftoftheprimaryformation.Thelargeicecapshields
thedownstreamsurfacesoftheairfoilfromdirectwater-dropletimpingement.
At the2.2°angleofattackthedouble-peakprimaryiceformationisalso
evident;however,itisunsymmetrical,andthereisa brokeniceformation
on thelowersurface.At the4.4°angleofattacka truedouble-peakice
formationisnotevidentat theleadingedge,andthereisan increased
quantityof iceonthelowersurface-.At anangleofattackof6.6°an
almostuniformlythickbutbrokeniceformationextendsaftonthelower
surfaceforabout6 percentofchordbeforegraduallytaperingoffin
thiclmessas thelimitof dropletimpingementisapproached.Impingement
characteristicsforthe65AO04airfoilarecontainedinreferences4 and
5. Thebrokeniceformations,whichresembleiceclumpsinthephotographs,
actuallyconsistedof spanwiseiceridges.Withincreasingangleofat-
tacklessiceformalabovetheextendedchordlineontheuppersurface
oftheairfoil.

Withrimeicing(fig.7(b))theiceformsintheregionofthe
greatestlocalimpingementrateandfacesintotheairstream.At angles
ofattackgreaterthanzeroforthisairfoil,rimeiceformsanaero-
dynamic“noseflap”.5is noseflap,especiallyat highanglesofattack,
addscamberto theairfoilandtherebytendsto improvesomeoftheaero-
dynamiccharacteristicsoftheicedairfoilcomparedto thecleanairfoil,
as shownlater.

Theeffectofrateofwatercatchon theiceformationnearthe
leadingedgeoftheairfoilisshowninfigure8. Withan increasein
water-catchrate,theiceformationgrowsfaster,becomesmorecharacter-
isticof glazeicing,andprojectsintotheairstreammore.normalthan
parallelto thelocalflowfield.Thealterationof iceshapewithwater
contentanddropsize(bothfactorscontributingtorateofwatercatch)
isgraphicallyillustratedinfigure8 by thechangeintheiceangle.
As thewater-catchrateincreases,thisanglebecomeslessnegativeand
thenpositive.

VariationofAerodynamicCharacteristicswith

IcingTime,IceShape,andAngleofAttack

Thechangesinsectionlift,drag,andpitching-momentcoefficients
withicingtimeobtainedinthisstudyareshowninfigures9 and10
forvariousconstantanglesofattack.Alsoshowninthesefiguresare
crosssectionsoftheicedepositsontheleading-edgeregionofthe
airfoil.Thesesketchesweretracedfromphotographsoftheicetaken
attheendof theruns(similartothoseshowninfigs.6 to8) and
depicttheiceshapesforonlyabouttheforward7 percentoftheairfoil.
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Ingeneral,analysisoftheaerodynamicdataandtheice-formation
“

photographsshowedthat,inicingconditions,changesintheaerodynamic
characteristicsoftheairfoilwererelatedtothesizeandshapeofthe
iceformations.

.
Theicesizeandtheresultingchangesinaerodynamic

coefficientsgenerallyincreasedprogressivelywithincreasingicing
time.Withiceclassifiedas glaze,rime,or intermediate,thegeneral
trendsintheaerodynamicchangesdueto iceshowninfigures9 and10
canbe summarizedasfollows:

coeffi-
cient

Drag

Lift

Pitchin~
manent
(b)

Typeof ice

Glaze

Intermediate

Rime

Glaze

Intermediate

Rime

Glaze

Intermediate

Rime

Predominanttypeofchangein I
coefficientatairfoilangle I

0°
a+
+
+
o

0

0

0

0

0

a+ Increase “ variable

2.2°

+

nd

+

nd

+

nd

o

ofattackof- – I

+

4.4° 6.6C

+ +

\-
\

-t

-1-

7-’

. 0

1+‘N<

+ -t
o 0

8.%010.6°11.6°
+ nd nd

-—” ---’ “--w

nd -

+ nd nd

-0. + -
\
n&. -1-

\
nd nd,

‘\ 0
0% 0

‘‘:0’ +
+ nd +

.

“

- decrease nd nodata
O negligible
bChangesinpitching-momentcoefficientsarechangesindirection
ratherthanchangesinmagnitude;a changeto a smallernegative
valueisa positiveincrementandisconsideredan increase.

Thechangesinaerodynamiccoefficientscausedby iceformations
arefunctionsoftheicetypeandangleofattack.Forexample,thedrag
coefficientsalwaysincreasedinglaze-icingconditions,whereasinrime-
icingconditionsdragdecreasedatanglesofattackaboveabout4°. As
expected,theintermediateicetypecauseddragchanges,intermediate
betweenthoseofr- andglazeicing.Consequently,zonesof increasing
anddecreasingdragcoefficientsdueto icecanbe visualizedinthe .
foregoingtable,andareseparatedby a dottedlineasanaidininter-
pretingthetrends.Thet~nds oftheliftandpitching-momentchanges

*
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dueto icearenotas simpleandconsistentasarethoseofthedragcoef-
ficients.Withsomeexceptionshowever,theliftcoefficientsgenerally
increasedbecauseof icingat thehigheranglesofattack(aboveabout6°
withglazeicingandaboveabout10°withintermediateandrimeicing).
At lowersinglesofattackliftgenerallydecreasedor changednegligibly
becauseof icing.Pitching-momentchangesdueto icewerealwayspositive
increasesornegligible,exceptbetweenanglesofattackofabout8°and
11°inglaze-or intermediate-icingconditions,wherethevaluesdecreased.

Theadditionof icetotheairfoilwasusuallydetrimentalto its
aerodynamiccharacteristicsup tosn angleofattackofabout4°. Above
thisangle,icefrequentlyimprovedthecharacteristicsby reducingdrag,
increasinglift,andsometimesdecreasingthepitchingmoment(increasing
divingmoment).Althoughthesebene~itsdidnotgenerallyalloccur
simultaneously,theydidalloccuratthe10.6°singleofattackwith
intermediateicing.

Theprecedingaerodynamiceffectsandtrendswithrespectto ice
formationsonthe65AO04airfoilsectioncannoteasilybeexplainedwith
completesatisfaction;however,thefollowingfac,torsaccountformostof
theobservedeffects.Belowanangleofattackofabout4° goodairflow
overthecleanairfoilexists,andtheiceformationsthatbuildup in
alltypesof icingconditionshavetheprimaryeffectsofaddingroughness
andflowspoilersto thesurface,whichaddtothedragandreducethe
lift. Aboveanangleofattackofabout4°,flowseparatesfromtheupper
surfaceofthecleanairfoil(seetheappendix),resultinginlargedrag-
coefficientincreasesandslightliftreductions.Rime-iceformationsat
thesehigheranglesofattackformat negativeiceanglesandoften
resem%ledepressednoseflaps.Such~’flaps~’apparentlyassistairflow
overthenoseandreducetheextentofflowseparation;consequently}
thedragisreduced.Glaze-iceformations,evenat thesehigherangles
ofattack,stillconstituteflowspoilers(withpositiveiceangles)
andcausedragincreases.However,theliftalsogenerallyincreases
withglazeiceontheairfoil,probably%ecauseofliftforcesonthe
ice(whichinthiscaseactsasa raisednoseflap),andpossiblybecause
theiceshapereducesthepressurebubbleontheuppersurfacenearthe
leadingedge. It isalsupossiblethatliftdecreasesinrime-icing
conditionsarepartiallyattributabletotheiceformationsthatresemble
depressednoseflaps.It isshowninreference11 thata leading-edge
flapona symmetricalNACA65AO06sweptairfoilcanreducebothlift
anddragwhendepressedandcanincreasebothliftanddragwhenraised.
?hecomplextrendsintheliftandpitching-momentchangesdueto ice
showninfigures9 and10aretheresultsoffactorssuchas thosedescribed
above,andtheneteffectsdependontherelativemagnitudesof thefre-
quentlyopposingfactors.

Themagnitudesofaerodynamicchangesdueto ice,givenbothasab-
solutevaluesandaspercentagechangesfromtheclean-airfoilcoefficients>
areshowninfigure11as a functionofangleofattackforthreerepre-
sentativeicingconditionsforperiodsof1 and8 minutes.Thecurvesshow
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thattheabsolutevaluesoftheaerodynamiccoefficientsgenerallychange
moreatthehigheranglesofattack,butthepercentagechangesaregen-
erallygreaterattheloweranglesofattack,becauseofthelowervalues
ofclean-airfoilcoefficients(seefig.4). Infact,fortheexamples
shown,thegreatestpercentageincreasesindragoccurredat the2.2°
angleofattack.Thelargestpercentagechangesshowninfigure11are
asfollows:

Lift +8.7 6.6
-7.8 2.2

Drag +350 2.2
-45 6.6

Pitch +65 I 8.8
-150 4.4

7Typeof ice
=

Glaze
Glaze

Glaze
Rime

Glaze
Intermediate

Herein,pitching-momentpercentagechangesarereferencedto clean-airfoil
values,whicharenegative;therefore,a changeof+65percentrepresents
a changefroma negativevalueto a morenegativeone(divingmoment).
It canbe seenthatsizablepercentagechangesmayoccurintheaero-
dyrmniccoefficientsbecauseoftheadditionof iceformations.Even
largerchangesmaybe foundinthedataoffigures9 and10. Forexample,
infigure10(a)atanairtemperatureof0°F a decreaseof0.028inthe
liftcoefficientdueto icerepresentsa l~t reductionbelw”theclean-
airfoilvalueof13percent.Thelargepe~centagechangesinpitching
momentcanbe considerednegligible,however,becauseofthesmallvalues
forthecleanairfoil.

EffectofIcingVariablesonAerodynamicCharacteristics

Theprevioussectiondemonstratestheimportanteffectsof iceshape
ontheairfoilaerodynamiccharacteristics.Severalicingvariables
affecttheshapeofan iceformation,forexample,airtemperature,
liquid-watercontent,dropletsize,icingtime,airspeed,angleofattack,
andairfoilimpingementefficiencies.An analysisoftheJointeffects
ofthesevariablesontheiceshape,basedonthedatapresentedherein,
isgiveninreference5. Theanalysisalsoincludesan equationthat
correlatesthegeneraleffectoftheseicingvariablesontheresultant
aerodynamicdragchangesduetotheice. Intheparagraphsthatfollow,
theeffectsof someoftheicingvariablesonaerodynamiccharacteristics
areillustratedmerelyby mesm of specificcomparisonsofdata>
whereinonlyone(ora minimumnumber)ofthefactorswasvaried.

.

.

+.

.

--
.
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.
Twoexamplesoftheeffectofairtemperatureontheaerodynamic

characteristicsoftheicedairfoilmaybe shownby comparingdatafrom
figures10(a)and(f). Thesedata,listedinthefollowingtable,were
takenfromthesquaresymbolsinbothfiguresmdwere obtainedatthe
followingconditions:liquid-watercontent,1.45gramspercubicmeter;

mto. airspeed,l_52knots;anglesofattack,2.2°and8.8°;airtemperatures,
+ 0°and25°F; andicingtime,8 minutes.

FigureAngleofAir Changeinaerodynamic
attack,temper-coefficientdueto icing
deg ature,

OF Drag Lift Pitching
moment

10(a) 2.2 0 0.009 -0.028 0.008
10(a) 2.2 25 .0170 to -.CM18 .009
lo(f) o -.045 a. .024
lo(f) b~:~ 25 c.012 d.03 ‘-.02

%aximumchangeduring8-minuteicingperiod,-0.02.
bIcesheddingduringrun.
Ch!laximumchangeduring8-minuteicingperiod,0.019.
%aximumchangeduring8-minuteicingperiod,0.064.
‘%sximumchangeduring8-minuteicingperiod,-0.032.

IncreasingtheairtemperaturefromO0 to25°F inbothoftheseexsmples
changedtheicetypefromrimetoglazeandincreasedthedragandlift
coefficientsoftheicedairfoil;thepitching-momentcoefficientswith.
iceontheairfoilat the8.8°angleofattackbecamemorenegative,
whereasat 2.2°no changeoccurred.

*
Theinitialrateofwatercatch,shownonfigures9 and10,isa

calculatedtermthatincludestheproductofliquid-watercontent,airfoil
impingementefficiency,andairspeed.Thistermisindirectlyaffected
by dropletsizeandangleofattack,as thesevariablesinfluencethe
airfoilimpingementefficiency.An exampleoftheeffectofvaryingthe
initialrateofwatercatchontheaerodynamiccharacteristicsofthe
icedairfoil,obtainedfromfigure1O(C),isgiveninthefollowingtable.
In thiscomparison,thefollowingconditionswereconstant:airspeed,
152knots;airtemperature,10°F; angleofattack,4.4°jicingtime>
6 minutes.

.
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Initialrateof Typeof iceChangeinaerodynamic
watercatch, coefficientduetoice
lb/(min)(ftspan)

Drag Lift Pitching
moment

0.045 Rime -0.003 0 0.002
.092 Intermediate.014-.016 .014
.127 Glaze .022-.023 .002

Althoughthesechangesvariedwithicingtime,thenumbersquotedillus-
tratethegeneraltrendsinthisexample;specifically,increasingthe
initialrateofwatercatchchangedtheicefromrimeto glaze,increased
thedrag,decreasedthelift,andvariablyaffectedthepitching-moment
coefficientsfortheicedairfoil.Reference5 showsthattheinitial
rateofwatercatchremainsnearlyconstantwithicingtimeina rime-
icingcondition,butinglaze-icingconditionstherateofwatercatch
(determinedby weightof icecollected)increasedprogressivelywithtime
inicing.

.

.

ii

Theeffectof airspeedontheaerodynamiccharacteristicsinicing
israthercomplex,andconsequently,to quotespecificexamplesmight
be misleading.Furthermore,theicingtestsat anglesofattackgreater
than4.4°wereconductedat onlyoneairspeed.Therefore,thedataof
figures9 and10(a)to (d)shouldbereferr@dto inestimatingtheair-
speedeffectforanyspecificconditionof interest.

AerodynamicCharacteristicsofIcedAirfoilInvolving .

ChangesinAngleofAttack

Inflight,anaircraftmaypassthroughan icingconditionat one
.

attitude(angleofattack)andthencontinuetheflightinclearairat
anotherattitude.Datawereobtainedto simulatethisflightprocedure
andareyresentedinfigure12. Thedataareshowninthisfigureby the
following:(1)a solidcurverepresentingtheclean-airfoilaerodynamic
characteristics,(2)opensymbolsrepresentingtheaerodynamicdataob-
tainedwhentheairfoilwasicedata particularangleofattackandthen
rotatedto otherangles,and(3)solidsynibolsrepresentingtheaerodynamic
coefficientsobtainedwhentheairfoilwaBicedat eachofthevarious
anglesofattackshownby thesymbols(sameicingconditionasforitem
(2)). Thesedataareplottedasa functionofangleofattackinfigure
12. Dataforitem(3)were.obtainedfromfigure10.

Rotationofan icedairfoiltohigheranglesofattackresultedin
drag-coe??icientincrea~~s.si~ificantlygreaterthanthoseobtainedwhen .
theairfoilwasicedatthehigher~gles...Forexample,whentheairfoil

.
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wasicedat the
syuibolsinfig.

15

2.2°angleofattackinglaze-icingconditions(opensquare
12(b))androtatedto8.8°,a sectiondragcoefficientof

. 0.137wasobtained,comparedwitha valueof0.100whentheairfoilwas
icedat8.8°(solidsqyaresynibol).Thesevaluescomparewiththeclean-

mm airfoildragcoefficientof0.112at the8.8°angleofattack.Rotation
* ofan icedairfoiltoloweranglesofattackcouldresultineithersmall+ dragreductionsor increasescomparedto thevaluesobtainedwhenthe

airfoilwasicedat thelowerangles;however,thedragvaluesinthese
caseswerestillmuchlargerthantlieclean-airfoilvalues(figs.12(d)
and(e)).

Negativepitching-momentcoefficientsup to12timesthoseobtained
witha cleanairfoilcouldbe obtainedby icingtheairfoilathighangles
ofattackandthe~rotatingtheicedairfoiltolowerangles.Withice
formedat the8.8 angleofattack,forexample,thepitching-momentco-
efficientfortheicedairfoilatanglesbetween2°and7° (fig.12(f))
averagedabout-0.10comparedto theclean-airfoilvalueofabout-0.008.
Conversely,whentheairfoilwasicedat lowanglesofattack(0°and2.2°)
andthenrotatedtohigherangles,thepitchingmomentcomparedtothat
forthecleanairfoilgenerallybecamelessnegative,andfrequently
positivevaluesofpitchingmomentwereattained(figs.12(a)and(b)).

Followingan icingencounter,ifa maneuverrequireda rapidsequence
ofangle-of-attackchanges,considerabledifficultymightbe expectedin
attemptingtoadjusttheaircrafttrimto copewiththechangesinmagni-
tudeandsenseofthepitchingmoment.

Rotatingan icedairfoilto otheranglesofattackresultedinlift
. coefficientscomparableto thoseobtainedwhentheairfoflwasicedat

theseangles,andalsocomparableto thoseobtainedforthecleanairfoil..
However,at anglesofattacknear11°and12°
formedat lowangles(figs.

, withrimeiceontheairfoil
b 12(a)and(b)),theliftcoefficientsofthe

icedairfoilweregreaterthanthoseforthecleanairfoil,probablybe-
causeoftheflapeffectoftheice,as discussedpreviously.

EffectofAirfoilIceFormations

onTrailing-EdgeControl-%rfaceForces

Overa rangeof icingconditionsconsideredtobe glaze,andwith
anglesofattackfrom3.3°to 8.’8°,flapanglesup to=t.15°andan airspeed
of 152knots,no significanteffectsonthecontrol-surfacehingemoments
dueto iceformationsontheleading-edgeregionoftheairfoilwereob-
tained.Thenegligiblechangeincontrol-surfacehingemcment(andhence
stickforce)dueto theicingisattributedtotheinherentlypoorairflow

M overtheuppersurfaceoftheairfoil.Apparentlytheicefomationson
theleading-edgeregionsoftheairfoildidnotaltertheairflowat the

.
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control-surfacestationsufficientlytoaffectthecontroleffectiveness.
However,thecontroleffectivenessforairfoilswhichnormallyhavegood
upyer-surfaceairflowmighthe moreseriouslyaffectedby leading-edge
iceformationsthanthethinairfoilstudiedherein.

,

SUMMARYOFRESULTS

A studyoftheeffectof iceformationsonthelift,drag,and
pitching-momentcharacteristicsofanunsweptNACA65AO04airfoildeter- g
minedthefollowingprincipalresults: a

1.Themagnitudeoftheaerodynamicpenaltieswasprimarilya func-
tionoftheshapeandsizeoftheiceformationneartheleadingedgeof
theairfoil.ThesizeandshapeoftheiceLformationinturnwasa
complexfunctionof suchvariablesaswater“content,dropletsizejair
temperature,icingtime,airfoilangleofattack,andairspeed.(Empirical _
correlationssmongthesevariables,theiceshape,andaerodynamicdrag
dueto icearegiveninTN 4151,basedonthepresentdata.)

2.In general,icingoftheairfoilatanglesofattacklessthan
4°wasdetrimentalto theaerodynamiccharacteristics.Icingcaused
largeincreasesinsectiondragcoefficient(asmuchas 350percentin
8 minutesofheavyglazeicing),reductionsinsectionliftcoefficients
(UPto 13percent),andchangesinthepitching-momentcoefficientfrom
divingtowerdclimbingmoments.

~
.

3.At anglesofattackgreaterthan4°theaerodynamiccharacteristics
oftheairfoilwereattimeseitherpenalizedor improvedby iceforma-
tionsontheairfoil,dependingmainlyonwhethertheicewasglazeor

.

rimeincharacter.Inrime-icingconditionsthesectiondragcoefficient
wasgenerallyreducedby icingcomparedto,thatforthecleanairfoil
(byasmuchas45percentin8 minutesof icing).In glaze-icingcondi- “ _
tionsdragrisesoccurredatthesehigheranglesofattack;however,the
liftalsoincreased,asmuchas9 percentforan icingtimeof8 minutes.

.

Pitching-momentcoefficientsinicingconditionsweresomewhaterraticand
dependedontheicingcondition. .- -.

4.Dragreductionsdueto iceonthisairfoilwerepossiblebecause
at timestheiceformationsalteredtheaerodynamicshapesufficientlyto
reducetheextentofupper-surfaceflowse~rationbelowtheamount
presentinclearair(beginningatanangleofattacknear40). LtPtin-
creasesdueto icewerepartlyattributedtoreductionsinextentof
flowseparationagdpartlyto liftforcesontheiceitse~,whichat
timeswasanalogoustoa leadtig-edgeflap.

.
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5.Rotationoftheicedairfoiltoanglesofattackotherthanthat
atwhichicingoccurredgenerallycreatedaerodyn&iceffectsdifferent
fromthosethatresultedwhentheairfoilwasicedattheseangles;such
rotationcausedchangesinthepitching-momentcoefficientsufficiently
largeto indicatethatdiffkultymightbe expectedintrimadjustment
toavoida hazardousflightsituationinmaneuversrequiringrapidchanges
inairfoilattitudewithiceontheairfoil.

6.Fortheconditionsinvestigated,no significanteffectson
trailing-edgecontrol-surfacehingemomentsweredeterminedas a result
of iceformationsontheleading-edgeregionoftheairfoil.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

ClevelandjOhio,October24,1957

.

.
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APPENDIX- EFFECTOFFLOWSEPARATIONONAERODYNAMIC

CHARACTERISTICSOFAIIW’OIL

Thesurface-pressuredistributionovertheatifoilisgivenintable11
andisshownforseveralanglesofattackinfigure5. Thesedatashowthat
a pressurebubbleassociatedwithflowseparationoccursontheuppersur-
faceneartheleadingedgebeginningatanangleofattacknear4° andex-
tendingtohigheranglesofattack.Accordingto reference12theregion
ofseparatedflowischaracterizedbylmundary-layerflowseparationnear &
theleadingedgefollowedby reattachmentdownst~amon the airfoilsurface. a
Thisflowseparationistypicalofthinlow-dragairfoilsatmoderateand
htghanglesofattack.Thepressurebubbleischaracterized,asshownin
figure5,by a partiallycollapsednegativepressurepeakfollowedby a
regionofapproximatelyconstantpressure(ref.12). Withincreasingangle
ofattackthepressurepeakisprogressivelyreducedandtheregionof
constantpressureis increased(fig.5),whichindicatesgreaterregions
ofseparatedflowovertheuppersurfaceoftheairfoil.

Theflowseparationovertheuppersurfaceof theairfoilresulted
ina slightdiscontinuityoftheliftcurvenearthe4°angleofattack
(figs.2 and4). Beyondmaximumlifttherewasno suddenredistribution
ofthesurfacepressures,hence,noabruptlossinlift.Theseparation
alsoresultedinanabruptincreaseindragnearthe4°angleofattack.
Withincreasingangleofattackthelargerregionsof separatedflowalso
producedincreasinglynegativepitchingmoments.

Ona thinairfoil,flowseparationneartheleadingedgecanbe
eliminatedor itssizeandlocationalteredby useof (1)increased
airfoilleading-edgeradius,(2)camber,(3)leading-edgeflaps,and

.

(4)flowdisrupters,includingprotuberances,serrations,androughness.
Eliminationorreductionofthepressurebubblewillreducethelarge .
dragriseobservedathighanglesofattackandmayalsoresultin im-
provementsintheliftcoefficient.

An iceformationmayaffectflowseparationona thinairfoilinany
oralloftheprecedingways. Theeffectivenessoftheiceformationin
delayingoreliminatingflowseparationisa functionoftheshape,size,
andlocationoftheice. Consequently,theeffectof iceonflow-separation
characteristicsdependson operatingandicingconditionsandtheicing
time.
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TABLEI. - COMBINATIONSOFWATERCONTENT,DROPLETSIZE,AND

AIRSPEEDUSEDINICINGSTUDIES

Watercontent,
g/cum 0.450.63

Dropletdiameter
(volumemedian),
microns 11.312.5

Airspeed,knots 240 240

0.900.951.201.401.45

15.013.717.515.016.5

240 152 240 109 152

1.86

19.0

I152- 12.00 .
18.0

109 .
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TAEU II.-8URFAOE-~SIJRBDISTRIBUTION

.

.

3urracelocatlo~
?atlooraurfaoe
l16tanoetoctir

(%)

-0.95
-.80
-.80
-.70
-.60
-.3
-.40
-.35
-.30-.25
-.20
-.16
-.12
-.10
-.08

-.06
-.05
-.04
-.03
-.02

-.015
-.010
-.0075
-.W50
-.0025

0
.c&5
.0050
.010
.015

.02

.03

%
.08

.10

.15

.20

.25

.35

.45

.55

.65

.75

.85

.85

Suxfaoe-pressureooefficlant,(~ - PO)/~

o

.0.014
-.026
-.064
-.109
-.135

-.141
-.170
-.148
-.148
-.116

-.116
-.116
-.109
-.100
-.084

-.087
-.084
-.103
-.103
-.122

-.135
-.154
-.138
-.016
.145

.964

.151
-.177
-.215
-.170

-.154
-.151
-.138
-.132
-.135

-.135
-.151
-.161
-.170
-.158

-.135
-.135
-.116
-.103
-.051
-.014

1

-0.034
-.054
-.09$
-.145
-.16~

-.192
-.224
-.211
-.211
-.192

-.21J
-.214
-.227
-.227
-.227

-.240
-.259
-.291
-.329
-.425

-.308
-.617
-.693
-.700
-.682

.635

.738

.374

.188

.150

.118

.073

.054

.022
0

-.006
-.051
-.070
-.089
-.096

-.089
-.096
-.089
-.083
-.042
-.020

Geometricangleof attack

2

-0.038
-.083
-.134
-.186
-.231

-.249
-.297
-.287
-.291
-.279

-.298
-.328
-.357
-.371
-.390

-.433
-.468
-.539
-.613
-.774

-.926
------
-1.37
-1.47
-2.43

-.276
.9843
.747
.498
.411

.347

.262

.219

.155

.115

.094

.031
-.m7
-.031
-.052

-.053
-.070
-.070
-.073
-.034
-.014

3
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-.086
-.141
-.201
-.249

-.278
-.332
-.332
-.342
-.339

-.367
-.409
-.457
-.486
-.524

-.591
-.649
-.744
-.866
-1.11

-1.35
-1.70
.2.05
-2.34
-3.93

-2.04
.955
.955
.738
.623

.540

.431

.374

.291

.240

.201

.125

.080

.048

.016

.003
-.022
-.026
-.036
-.010
0

-
4

-0.051
-.096
-.156
-.223
-.274

-.309
-.376
-.382
-.403
-.414

-.459
-.506
-.573
-.621
-.694

-.825
-.933
-1.08
-1.27
-1.61

-1.88
-2.29
-2.71
-3.10
-5..2I.

-3.67
.752
.994
.850
.745

.659

.541

.475

.379

.319

.274

.191

.134

.096

.054

.032

.CK)6
-.036
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-.003
-.088

5

-0.103
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-.191
-.257
-.316

-.366
-.434
-.451
-.477
-.507

-.569
-.655
-.796
-.905
-1.09

-1.36
-1.54
-1.72
-1.89
-1.94

-2.02
-2.63
-3.20
-3.47
-3.51

-4.54
.546
.967
.928
.832

.750

.632

.559

.454

.388

.342

.247

.164

.138

.089

.063

.026

.@37

.020
-.007
0

ctr,de

6

-0.097
-.158
-.219
-.289
-.354

-.412
-.462
-.514
-.583
-.637

-.772
-.965
-1.27
-1.43
-1.62

-1.75
-1.79
-1.80
-1.82
-1.84

-2.10
-2.91
-3.22
-3.26
-4.17

4.09
.463
.956
.965
.881

.804

.688

.617

.514

.444

.389

.289

.225

.174

.116

.064

.039

.013
-.013
-.OI.3
-.006

8

-0.182
-.265
-.323
-.398
-.480

-.582
-.738
-.850
-.997
-1.17

-1.38
-1..53
-1.66
-1.66
-1.69

-1.67
-1.66
-1.64
-1.65
-1.70

-1.99
-2.77
-3.21
-3.35
-4.00

-4.51
.191
.881,
.997
.942
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.772

.701

.599

.520

.466

.357

.286

.228

.,163

.105

.046

.010
-.037
-.051
-.006

-0.447
-.636
-.568
-.670
-.763

-.892
-2.06
-1.16
-1.26
-1.35

-1.45
-1.53
-1.60
-1.62
-1.64

-1.62
-1.62
-1.61
-1.61
-1.66

-1.81
-2.28
-2.73
-2.97
-3.23

-3.81
.082
.835

1.00
.969

.807

.609

.742

.639

.562

.495

.381

.299

.232

.150

.062

.010
-.046
-.113
-.155
-.210

-0.513
-.624
-.710
-.807
-.893

-1.02
-1.16
-1.23
-1.29
-1.34

-1.38
-1.40
-1.41
-1.42
-1.43

-1.41
-1.40
-1.39
-1.39
-1.45

-1.48
-2.17
-2.81
-3.06
-3.36

-4.09
.016
.801
.995
.957

.803

.812

.742

.640

.585

.500

.392

.307

.231

.145

.081

.005
-.059
-.134
-.188
-.266

%egetlvesignIn thiscolumndenotesupper-surfacelocatl;n(meaauredfromzero-chordpoint),
posltlve,Bign,lower-surfacelocation.
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Figure 1.-NACA63AO04airfoilsectioninstalledin6-by8-foottest
sectionoficingtunnel. ....
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Icingtime,3 min

Icingtime,7min

Icingtime,14min

(a)GlaZ8iCe;airtemperature,25°F.

Figure6.- Typical variationof iceshapewith
timein icing.Angleofattack,2.2°;airspeed,
152knots;watercontent,1.45gramspercubic
meter;dropletsize,16.5microns.
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(b)Rimeice;airtemperature,0°F.

Figure6.- Concluded.Typicalvariationof ice
shapewithtimeinicing.Angleofattack,2.2°;
airspeed,152knots;watercontent,1.45grams
percubicmeter;dropletsize,16.5microns.
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Angle of attack, 4.4°; icing time,
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Angle of attack, 2.20; icing ti.me,
14 min

Angle of attack, 6.6°; icing time,

10min

(a) Glaze Ice; ati temperature,25° F;watercontent, 1.45 aams par
cubic meter; &roplet size, 16.5 microns.

Figure 7.- Typical variation of ice shape with angle of attack. Air-

speed, 152 knots.
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Angleofattack,2.2°;icingtime,
12min

Angleofattack,6.6°;icingtime,
13min

Angleof attack,8.8°;icingtime,
12min

(b)Rimeice;atitemperate,10°F; watercontent,0.95grampercubic
meter;dropletsize,1397microns.

Figure7.-Concluded.‘1’ypicalvariationof iceshapewithangleofattacks
Airspeed,152knots.
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(s) Initialrate of water catch, 0.045poundP-
minuteperfootepan;wateroontent,0.95~am
percubic~eterj dropletsize,13.7microns;
Icingtime,13minutes;rimeicefwmation.

(b)~tialrateofwatercatch,0.092poundp~
minuteperfootspan;wat~content,1.45grams
percubicmeter;dropletsise,16.5micronE;
ic- time,10mSnutes;intermediateiceformation.

(c) Ihitialrateofwatercatch,O.1~ poundper
minuteperfootspan;watercontent,1.86grams
percubicmeter;dropletsize,19.0microns;
Icingttie,9 mfnutes;glazeiceformation.

Figure8.-Typicalvariationoficeshapewithrate
ofwatercatch.&le ofattack,4.4°;atrspeed,
152hots;ah temperate10°F’.
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